 Effects of Mg 2+ deficiency (MgD) on memory and neuron morphology were examined.
Introduction
Diet has a crucial role in shaping cognitive function (Go´mez-Pinilla, 2008) and is thought to be one of the environmental factors with a role in brain diseases such as psychiatric disorders (Kida and Kato, 2015) . Therefore, identifying dietary components that affect brain function is important to understand the mechanisms regulating brain function from the view of food and nutrition.
Magnesium (Mg 2+ ) is an essential mineral for maintaining normal cellular functions such as glycolysis (Garfinkel L and Garfinkel D, 1985) , membrane structure and function (Bara and Guiet-Bara, 1984) , protein synthesis, and DNA replication (Rubin, 1976; Aikawa, 1981) . Indeed, Mg 2+ is a cofactor for more than 300 enzymatic reactions, responsible for conducting biomolecule synthesis/hydrolysis, signal transmission, and gene expression. Therefore, Mg 2+ deficiency (MgD) disturbs the homeostasis of biological processes. For example, MgD induces a reduction in kidney function (Kikuchi et al., 1998; Matsuzaki et al., 2002; Matsuzaki et al., 2004) , increases the ascorbic acid requirement of the body (Akiyama et al., 2008) , and decreases bone A C C E P T E D M A N U S C R I P T Mg 2+ content (Nakaya et al., 2012) . Meta-analysis studies have suggested that Mg 2+ intake is inversely related to the incidence of metabolic syndrome (Ford et al., 2007) , type 2 diabetes (Larsson and Wolk, 2007) , and hypertension (Jee et al., 2002) .
Furthermore, low serum Mg 2+ is associated with an increased risk of coronary heart disease and sudden cardiac death (Kieboom et al., 2016) . Thus, MgD causes both chronic and acute diseases.
One major action of Mg 2+ in the brain is modulating the voltage-dependent blockade of N-methyl-D-aspartate (NMDA)-type glutamate receptors, thereby controlling their opening, which is crucial for synaptic plasticity (Mayer et al., 1984; Nowak et al., 1984 , Dingledine et al., 1999 . A previous study demonstrated that increasing the Mg 2+ concentration in extracellular fluid within the physiological range leads to the permanent improvement of synaptic plasticity in cultured hippocampal neurons (Slutsky et al., 2004) . Consistently, Mg 2+ has been shown to play an important role in learning and memory. Increasing brain Mg 2+ concentration leads to the enhancement of learning abilities, working memory, and short-and long-term memory in rats (Slutsky et al., 2010) . In contrast, MgD impairs the formation of fear memory (Bardgett et al., 2005; Bardgett et al., 2007) .
Dendritic spines form the postsynaptic component of most excitatory synapses A C C E P T E D M A N U S C R I P T (Harris, 1999) . Spine density and morphology are thought to reflect and/or determine the connectivity between neurons at the synapse and contribute to learning and memory as well as synaptic function (Hausser, 2000; Lefebvre et al., 2015) . Dysfunction of spine morphology is often correlated with neurological disorders characterized by abnormalities in cognition and memory loss (Kaufmann et al., 2000; Penzes et al., 2011) .
Thus, previous studies have suggested the importance of Mg 2+ in learning and memory performance. However, the effects of dietary MgD on learning and memory and dendritic spine morphology have been not clarified in depth. In this study, we examined the effects of dietary MgD on hippocampus-dependent and -independent memory formation and the density and morphology of the dendritic spines of hippocampal neurons.
Materials and methods

Mice
All experiments were conducted according to the Guide for the Care and Use of Laboratory Animals, Japan Neuroscience Society and Tokyo University of Agriculture.
All animal experiments performed in this study were approved by the Animal Care and
Use Committee of Tokyo University of Agriculture. Male C57BL/6N mice were obtained from Charles River (Yokohama, Japan). Heterozygous Thy1-EGFP line M mice were maintained by crossing with C57BL/6N mice (Feng et al., 2000) . The mice were housed in cages of 5 or 6, maintained on a 12 h light/dark cycle, and allowed ad libitum access to pellet food and water. The mice were at least 8 weeks of age at the start of the experiments, and all behavioral procedures were conducted during the light phase of the cycle. All experiments were conducted blind to the treatment condition of the mice.
MgD treatment
Dietary MgD was induced by using paired feeding procedures as described previously (Matsuzaki et al., 2004; Nakaya et al., 2009; Akiyama et al., 2008; Nakaya et al., 2010) .
To habituate the mice to a powdered diet, both groups were given a powdered Mg 2+ -containing diet ad libitum for 1 week. The mice were divided randomly into the MgD and control groups. The mice received a powdered MgD AIN-93 or control AIN-93 diet (Table 1) , respectively, ad libitum during the treatment period (weeks 0-8).
The control group was pair-fed with the MgD group.
Measuring Magnesium Concentration
Blood sample was collected by the tail vein puncture; these samples were subsequently used to measure the serum Mg concentration. Blood samples were incubated (16 h, 4°C) and centrifuged (1,200 g, 20 min, 4°C) . The obtained supernatants were used for the assay. Serum magnesium levels were determined colorimetrically using the Wako Magnesium B test kit (Wako Pure Chemical Industries).
Contextual fear conditioning task
The mice were trained and tested in conditioning chambers (17.5 × 17.5 × 15 cm) that had a stainless steel grid floor through which a footshock could be delivered (Suzuki et al., 2004; Mamiya et al., 2009; Inaba et al., 2015; Inaba et al., 2016; Fujinaka et al., 2016; Kim et al., 2016; Choi et al., 2016) . Training consisted of placing the mice in the chamber and delivering an unsignaled footshock (2 s duration, 0.4 mA) 148 s later, and the mice were returned to their home cage at 30 s after the footshock (training). Memory was assessed at 24 h later by calculating the percentage of time spent freezing during 5 min when re-placed in the training context (test). Freezing behavior (defined as a complete lack of movement, except for respiration) was measured automatically as described previously (O'Hara & Co., Ltd.) (Anagnostaras et al., 2000) .
Morris water maze task
The Morris water maze task was performed as described previously (Kim et al., 2011; Suzuki et al., 2011; Ishikawa et al., 2014; Inaba et al., 2016; Zhang et al., 2016; Kim et al., 2016; Cui et al., 2016) . The mice were trained with 2 trials per day at an interval of 1 min for 7 days. The mice were trained at approximately the same time every day. In the probe test at 24 h after the last training session on day 7, the platform was removed and the mice were allowed to swim for 1 min. We measured the time that the mice spent in each quadrant (opposite, adjacent right, target quadrant, and adjacent left).
Social recognition task
The social recognition task was performed as described previously (Fukushima et al., 2008; Nomoto et al., 2012; Suzuki et al., 2011; Ishikawa et al., 2014; Inaba et al., 2016) .
Adult mice were placed into individual plastic cages, identical to those in which they were normally housed (30 × 17 × 12 cm), in the experimental room. After a period of 60 min, a juvenile mouse was placed into a cage with an adult mouse for 3 min (training).
The duration of the adult's social investigation behavior was quantified using a stopwatch. Social investigation was defined as described previously (Thor and Holloway, 1982) . Memory was assessed 24 h later by recording the length of social investigation time exhibited by the subject to the same juvenile (test) for the same duration as training (3 min). A recognition index was calculated as the ratio of the social investigation times during the test and training sessions.
Open field test
The open field test was performed as described previously (Hasegawa et al., 2009; Inaba et al., 2015; Inaba et al., 2016; Zhang et al., 2016; Cui et al., 2016) . The mice were placed into the center of a square open field chamber (50 × 50 × 40 cm) that was surrounded by white walls. The total length of the path traveled (total distance) and the time spent in the center square (30 × 30 cm; % center) were measured over the course of 5 min using an automatic monitoring system (O'Hara & Co., Ltd.).
Conditioned taste aversion
The conditioned taste aversion task was performed as described previously (Fukushima et al., 2008; Inaba et al., 2016; Inberg et al., 2016) . After being moved to individual cages, the mice were given access to water from 2 bottles for 60 min, and then returned to their home cages. On day 2, the mice were given access to water for 45 min. On days
3 and 4, water access was limited to 30 min. On day 5 (day of conditioning), the mice were given access to 2 bottles containing a 0.1% saccharin solution for 15 min. After 40 min, the mice were injected (2% of body weight) with saline or 0.1 M LiCl, and then returned to their cages. To prevent dehydration, the mice were given access to water for 15 min at 2 h after injection. On day 6 (test day), the mice were presented with the saccharin solution and water in separate bottles (bottle positions were counterbalanced across cages). To determine consumption, the bottles were weighed before and after
testing. An aversion index was calculated as follows: saccharin solution consumed / (saccharin solution consumed + water consumed).
Dendritic spine analysis
Dendritic spine analysis was performed as described previously (Serita et al., 2017) .
After anesthetization with intraperitoneal sodium pentobarbital (Somnopentyl, 50 mg/kg body weight; Kyouritu Seiyaku, Tokyo, Japan), the mice were perfused with 4% paraformaldehyde. The brains were then removed, fixed overnight, transferred to 30% sucrose, and stored at -80 °C. Coronal sections were generated using a cryostat.
Fluorescence images were acquired using a confocal microscope (TCS SP8; Leica, Wetzlar, Germany) equipped with a 63× NA 1.4 oil-immersion objective and LAS AF
A single dendrite segment per neuron was imaged in each dendritic sub-compartment. Segments were imaged at 15× magnification. Equal cutoff thresholds were applied to all slices. All confocal stacks were acquired at a resolution of 512 × 512 pixels with a z-step of 0.5 μm. The settings for pinhole size and gain were optimized initially and remained constant throughout imaging to ensure the images were digitized under consistent illumination. Confocal stacks were analyzed semi-automatically with NeuronStudio software (http://research.mssm.edu/cnic/) (Rodriguez et al., 2008) . Spine density was calculated as the number of spines divided by dendritic segment length.
Spines were classified as stubby if they had a head to neck diameter ratio less than 1.1.
Thin spines were identified by a head to neck diameter ratio greater than 1.1 and a head maximum diameter less than 0.35 μm. Mushroom spines were identified by a head to neck diameter ratio greater than 1.1 and a head maximum diameter greater than 0.35 μm.
Spine density was quantified in the mPFC (bregma between +2.10 and +1.98 mm), amygdala (bregma between -1.22 and -1.34 mm), and dorsal hippocampus (bregma between -1.46 and -1.82 mm).
Immunohistochemistry
Immunohistochemistry was performed as described previously (Mamiya et al., 2009 ; Zhang et al., 2011; Fukushima et al., 2014; Inaba et al., 2015 and 2016a) . After anesthetization, all mice were perfused with 4% paraformaldehyde. Brains were then removed, fixed overnight, transferred to 30% sucrose, and stored at 4 °C.
Coronal sections (30 μm) were cut using a cryostat. The sections were pretreated with 4% paraformaldehyde for 20 min and 3% H2O2 in methanol for 1 h, followed by incubation in blocking solution (phosphate-buffered saline [PBS] plus 1% goat serum albumin, 1 mg/mL bovine serum albumin, and 0.05% Triton X-100) for 3 h at 4 °C.
Consecutive sections were incubated using a polyclonal rabbit primary antibody for anti-c-fos (1:5000; Millipore catalog #PC38, RRID: AB_2106755) in the blocking solution for 2 nights at 4 °C. Subsequently, the sections were washed with PBS and incubated for 4 h at room temperature with biotinylated goat anti-rabbit IgG (SAB-PO Kit; Nichirei Biosciences, Tokyo, Japan). Thereafter, the sections were incubated with streptavidin-biotin-peroxidase complex (SAB-PO Kit) for 1 h at room temperature.
Immunoreactivity was detected using a DAB substrate kit (Nichirei Biosciences).
Structures were anatomically defined according to the Paxinos and Franklin atlas [86] .
Quantification of c-fos-positive cells in sections (100 × 100 μm) of the dorsal hippocampus (bregma between −1.46 and −1.82 mm) was performed using a computerized image analysis system (WinROOF version 5.6 software; Mitani
sample window across at least 3 sections by an experimenter who was blinded to the treatment condition.
Data analysis
One-way or two-way factorial or repeated ANOVA followed by Newman-Keuls post 
Results
MgD does not induce body weight change but lowers serum Mg concentration
We first examined the effects of MgD on body weight. The mice were fed an MgD AIN-93 or control AIN-93 diet using paired feeding protocols as described previously (Fig. 1B) .
MgD mice display impairments in hippocampus-dependent memory formation
We examined the effects of MgD on hippocampus-dependent memory formation. We first performed a contextual fear conditioning task. In this task, the mice learn an association between a context (conditioned stimulus; CS) and electrical footshock-induced fear (unconditioned stimulus; US) and form a hippocampus-dependent aversive memory (Phillips and LeDoux, 1992) . The mice were trained with a single footshock (0.4 mA, training), and behavioral freezing was assessed (Bardgett et al., 2005) .
We next performed the Morris water maze task. In this task, the animals learn to escape to a hidden platform in a swimming pool using spatial cues located around the pool and form a hippocampus-dependent spatial memory (Kim et al., 2011; Suzuki et al., 2011; Ishikawa et al., 2014; Inaba et al., 2016) . The mice were trained with 2 trials per day for 7 days (at 1 min intervals). Two-way repeated measures ANOVA revealed a significant effect of time (days 1-7) (Fig. 2B , group, F(1,28) = 3.289, p > 0.05; time, F(6,168) = 15.848, p < 0.05; group × time, F(6,168) = 0.271, p > 0.05). These results indicated that the MgD mice show normal spatial learning. To measure the formation of spatial memory, the mice were given a probe trial in which the platform was removed from the pool at 24 h after the last training session on day 7. In the probe trial, the χ 2 test revealed significant differences in the time spent in the four quadrants by the Ctrl mice (Fig. 2C , p < 0.05), but not the MgD mice (Fig. 2C , p > 0.05), indicating that the MgD
group displayed no preference for the target quadrant. Consistently, the Ctrl mice, but not the MgD mice, spent significantly more time in the target quadrant than in the other quadrants (t-test, Ps, p < 0.05). These results indicated that the MgD mice showed normal spatial learning, but failed to form spatial memory. These observations indicated that MgD impairs the formation of spatial memory.
We finally performed a social recognition task. In this task, adult male mice form a hippocampus-dependent non-aversive social memory Suzuki et al., 2011) . This task measures the difference in time taken to investigate a juvenile male mouse by comparing between the first (training) and second (test)
exposures of 3 min. The second exposure was performed at 24 h after the first exposure.
We assessed the recognition index (the ratio of the second investigation time relative to the first investigation time). One-way ANOVA revealed a significant effect of group (Fig. 2D, F (1,23) = 5.739, p < 0.05). Newman-Keuls post hoc test revealed that the MgD mice showed a significantly worse recognition index than the Ctrl mice (Fig. 2D , p < 0.05). Consistently, the MgD mice failed to reduce investigation time during test compared to training (Fig. 2E , paired t-test, p > 0.05), although this was reduced significantly in the Ctrl group (Fig. 2E , paired t-test, p < 0.05). These results indicated that the MgD mice show impaired social recognition memory.
Collectively, our observations indicated that the MgD mice show deficits in three different types of hippocampus-dependent memory (i.e., contextual, spatial, and social recognition), strongly suggesting that MgD impairs the formation of hippocampus-dependent memories.
MgD mice display normal amygdala-dependent memory formation and emotional and locomotor behaviors
We examined whether the memory deficits observed in the MgD mice are generalizable to hippocampus-independent memory tasks. To do this, we examined the effects of MgD on conditioned taste aversion, which is amygdala-and insular cortex-dependent 
MgD treatment does not affect spine density and morphology
A C C E P T E D M
Mg is required for c-fos induction when contextual fear memory is generated
Formation of memory requires activation of transcription factor cAMP responsive element-binding protein (CREB)-mediated gene expression. Expression of c-fos, a well
characterized CREB target gene, is induced when contextual fear memory is generated (Sheng et al., 1990; Frankland et al., 2004; Inaba et al., 2015; Inaba et al., 2016) .
Therefore, we examined the effect of MgD on the induction of c-fos in the hippocampal CA1 and dentate gyrus (DG) areas at 90 min after the training of contextual fear conditioning using immunohistochemistry (IHC). Two groups were trained with a footshock in the conditioned chamber (Ctrl/shock and MgD/shock groups), while the remaining two groups did not receive a footshock (Ctrl/no-shock and MgD/no-shock groups). A two-way ANOVA revealed a significant shock × diet interaction in the CA1 regions (CA1, shock, F(1,28) = 19.731, p > 0.05; diet, F(1,28) = 2.574, p < 0.05; shock × diet, F(1,28) = 9.672, p < 0.05; Fig. 5a and b), but not in the DG region (shock,
0.153, p > 0.05; Fig. 5a and b) . The Ctrl/shock group showed significantly more c-fos-positive cells in the hippocampal CA1 region compared with the other groups, including the MgD/shock group (p < 0.05; Fig. 5a and b) . These results indicated that
MgD blocked the c-fos induction in the hippocampus when contextual fear memory is generated. These results raised the possibility that MgD impairs the activity-dependent gene expression required for memory formation.
Discussion
In this study, we examined the effects of dietary MgD on learning and memory and hippocampal neuron morphology. Mice fed an MgD diet for 4-8 weeks showed impairments in hippocampus-dependent memories (i.e., contextual fear, spatial, and social recognition), but showed normal amygdala-and insular cortex-dependent conditioned taste aversion memory and emotional behaviors (Figs. 2, 3 ). These findings suggest that MgD impairs the cognitive function of the hippocampus. However, these MgD mice showed normal density and morphology of the dendritic spines of hippocampal neurons (Fig. 4) . Collectively, these observations suggest that MgD
induces deficits in hippocampus-dependent memory without affecting the density and morphology of the dendritic spines of hippocampal neurons.
The activation of CREB-mediated gene expression is required for the formation of long-term memory (Nader et al., 2000; Suzuki et al., 2004; Athos et al., 2002; Lee et al., 2004; Mamiya et al., 2009; Trifilieff et al., 2006; Hall et al., 2000) . Interestingly, MgD mice showed deficits in training-induced c-fos expression and formation of contextual fear memory (Fig. 5) . Mg 2+ has been suggested to modulate the function of NMDA receptors that activate gene expression required for memory formation as an upstream signal transducer of CREB (Cole et al., 1989; Lerea et al., 1992; Xia et al., 1996 , Nader et al., 2000 Suzuki et al., 2004; Athos et al., 2002; Lee et al., 2004; Mamiya et al., 2009; Trifilieff et al., 2006; Hall et al., 2000) . Therefore, it is possible that MgD impairs the activation of gene expression including the c-fos induction, thereby impairing memory formation.
The hippocampus is a critical region for the formation of episodic memory (Eichenbaum, 2000; Burgess et al., 2002) . A few studies have shown that MgD impairs hippocampus-dependent contextual fear memory in mice (Bardgett et al., 2005; Bardgett et al., 2007) . In contrast, similar MgD mice show normal hippocampus-dependent spatial learning in the water maze test, although a probe trial to
examine the formation of spatial memory was not performed in this previous study (Bardgett et al., 2007) . Consistently, we demonstrated that MgD mice had an impairment of contextual fear memory formation ( Fig. 2A) and normal spatial learning.
Moreover, we found that MgD mice showed impaired spatial memory formation in the probe test performed after spatial learning, suggesting that MgD leads to an impairment of spatial memory formation without affecting spatial learning (Fig. 2B, C) .
Additionally, we found that MgD mice show an impairment of hippocampus-dependent social recognition memory (Fig. 2D, E) . Taken together, these findings suggest that
MgD leads to impairments in the formation of hippocampus-dependent memory.
Spine density and morphology play essential roles in the connectivity between neurons at the synapse and in learning and memory (Hausser, 2000; Lefebvre et al., 2015) . Importantly, our previous study showed that dietary vitamin B1 (thiamine)
deficiency not only impairs hippocampus-dependent memory formation but also reduces the spine density of hippocampal neurons (Inaba et al., 2016) . In contrast, we showed that MgD mice show impairments of hippocampus-dependent memory but showed normal spine density and morphology in the hippocampus, indicating that the deficits in hippocampus-dependent memory induced by MgD are not correlated with the abnormal density and morphology of the dendritic spines of hippocampal neurons.
Therefore, the malnutrition induced by a deficiency of essential nutritional factors does not simply impair memory performance through changes in spine density and morphology. Further studies are required to understand the mechanisms by which MgD impairs the formation of hippocampus-dependent memory.
In our previous studies, we have shown impairments of learning and memory such as deficits in memory formation in the C57BL/6N mouse strain using pharmacological and genetic approaches (Kida et al., 2002; Suzuki et al., 2004; Hasegawa et al., 2009; Kim et al., 2011; Zhang et al., 2011; Nomoto et al., 2012; Inaba et al., 2015; Inaba et al., 2016) . In this study, we found that MgD impairs hippocampus-dependent memories using the C57BL/6N strain, and we performed identical experimental procedures for the memory tasks as used in our previous studies.
Therefore, we emphasize that the MgD mice show severe memory deficits that are comparable with pharmacological and genetic models showing impaired learning and memory.
Mg 2+ modulates the voltage-dependent blockage of NMDA receptors by controlling their opening during coincidence detection, which is critical for synaptic plasticity (Mayer et al., 1984; Nowak et al., 1984; Dingledine et al., 1999) . In vitro studies showed that increasing the Mg 2+ concentration in extracellular fluid leads to the
improvement of synaptic plasticity in cultured hippocampal neurons (Slutsky et al., 2004) . Importantly, our and previous behavioral studies showed that MgD impairs hippocampus-dependent memories (Fig. 2) (Bardgett et al., 2005; Bardgett et al., 2007) , whereas increasing brain Mg 2+ leads to the enhancement of learning and memory (Slutsky et al., 2010) , raising the possibility that dietary Mg 2+ may have a positive impact on learning and memory through synaptic plasticity. It is important to clarify further the effects of dietary MgD on hippocampal synaptic plasticity using electrophysiology and Ca 2+ imaging.
In this study, we showed that MgD leads to severe impairments in hippocampus-dependent memories without affecting the density and morphology of the dendritic spines of hippocampal neurons as well as amygdala-and insular cortex-dependent memory and emotional behaviors. From these observations, we suggest that MgD impairs the function of the hippocampus, but not through changes in the density and morphology of the dendritic spines of hippocampal neurons. Ishikawa, R., Kim, R., Namba, T., Kohsaka, S., Uchino, S., Kida, S., 2014.
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Figure legends CA1, n = 10-16 dendrites per group; DG, n = 10-14 dendrites per group; mPFC n = 6-8 dendrites per group; amygdala, n = 6-7 dendrites per group). Error bars indicate standard error of the mean. Scale bar, 2 µm. MgD/no-shock, Ctrl/shock, and MgD/shock groups (Ctrl/no-shock, n = 7;
MgD/no-shock, n = 8; Ctrl/shock, n = 9; MgD/shock, n = 8). *p < 0.05, compared with the other groups. Error bars indicate standard error of the mean. 
